Abstract: Tissue engineering scaffolds are 3D constructs that simulate the growth environment in vivo. The present work aims to address the question of whether thin films, i.e., flat surfaces, are a suitable model for more complex 3D structures? With this in mind a complete study of the morphology and surface chemistry of poly(D,Llactide) (PDLLA) substrates, fabricated into two different structures, is presented. The polymer structures studied include a 3D, porous, foam-like scaffold prepared by the thermally induced phase separation (TIPS) method and flat polymer thin films made by solvent casting. Based on the maximum bubble point test, a new method to assess the wettability of wet pore wall surfaces inside highly porous 3D structures was developed and tested. The maximum pore diameter determined using the maximum bubble point test for the total wetting liquids was confirmed through image analysis of scanning electron micrographs. The method allows the determination of the contact angle between the wet pore wall and a contacting liquid. The captive bubble method was employed to characterise the wettability of flat polymer films in contact with water. Both structures were further characterised using zeta-(ζ-) potential measurements to assess the surface chemistry of the polymer. The results demonstrate that PDLLA contains acidic functional groups and is hydrophobic. In order to evaluate the sensitivity of the test methods, the polymer surfaces were modified by protein adsorption using fibronectin and collagen. ζ-Potential and wettability measurements show that proteins indeed adsorb on virgin PDLLA surfaces. Protein adsorption causes the wettability of the PDLLA for water to improve. Our results strongly indicate that flat surfaces are not a suitable model for surfaces in complex 3D structures such as highly porous tissue engineering scaffolds. Such scaffolds must be characterised as a 3D system.
Introduction
Protein adsorption phenomena occur on a variety of solid-liquid interfaces. Protein membrane fouling, and pore blockage has been encountered in a wide range of separation processes, limiting their application. Such technologies include water treatment, food industries, pharmaceutical, and biomedical applications [1, 2] . Considerable research is devoted in modifying the surface chemistry of specific substrates with the aim of minimising the adhesive interaction of the membrane surface with the solute [3, 4] .
In recent years tissue engineering has emerged as a promising technology in creating biological alternatives for damaged tissues and organs [5] . Tissue engineering techniques require the use of hybrid systems that combine biomaterials as structural scaffolds, which provide the necessary support for cells to adhere, proliferate, regenerate the extracellular matrix (ECM) components, and maintain their differentiated function [6] . However, many biodegradable synthetic polymers that are commonly used to manufacture scaffolds are rather hydrophobic in nature. The poor wettability of the polymer scaffolds prevents uniform coating of ECM proteins and cell seeding causing the non-homogeneous distribution of cells, thus compromising their application as tissue engineering carriers [6] . To enhance the bioreactivity of the polymer surfaces and to modulate cell survival the pre-adsorption of proteins that promote cell adhesion onto the surfaces of the synthetic materials in contact with a biological fluid has been employed [8, 9] .
Published work has highlighted a number of biologically active coatings, either from serum-supplemented media [10, 11] , monocomponent ECM proteins in solution [12] [13] [14] , or through the covalent attachment (grafting) of oligopeptides representing the cell-adhesive peptide region of the ECM protein, such as Arg-Gly-Asp (RGD) [15, 16] . Coating surfaces with ECM proteins such as fibronectin, vitronectin, and collagen, provides an 'adhesive interface' and a strong mechanical contact between the scaffold material and the anchorage-dependent cells, whose organisation and production modulates and enhances cell adhesion through transmembrane integrin receptors [8] . The advantage of complete ECM proteins to peptide sequences is that they not only provide the cell-binding sequence for cell adhesion, but also provide secondary interactions with other ECM proteins and interactions with growth factors that stabilise the binding of the cells thus strengthening cell adhesion, which results in enhanced cell growth and maturation [17] . Furthermore, ECM proteins are the natural ligands found in vivo and do not cause any harmful side effects, whilst, small peptides have lower binding and selectivity activity for distinct integrin subtypes, and are easily cleaved by enzymes [15] . Tissue engineered scaffolds will always be used in contact with aqueous cell culture media, therefore, it is important to develop techniques that allow the characterisation of fully hydrated scaffolds. This is particularly important when working with proteins since they are highly vulnerable to denaturation when in contact with hydrophobic polymer surfaces and when exposed to an environment that does not mimic the in vivo system, the proteins dry out, losing their conformation and function, and therefore, do not represent the real system we are interested in. Because of the complex pore structure of the 3D scaffolds there is a current lack of a standard, well-accepted method for the accurate characterisation of such materials.
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Several reviews have extensively discussed the different techniques that have been applied to study the molecular adsorption at air/liquid and solid/liquid interfaces [18, 19] . Streaming potential [20] and contact angle measurements [21] have become standard tools for studying the chemical properties and surface energy of polymer surfaces, respectively. Electrokinetic techniques are employed for in depth study of interfacial charge characteristics of polymer materials, highlighting (a) the interfacial charge formation process, (b) the derivation of acid-base characteristics of surface functions, and (c) the correlation between hydrophobicity and charge formation of the polymer-electrolyte interface by preferential ion adsorption, without dissociating functions [22] . Electrokinetic (streaming potential) measurements have also been used to study a wide variety of biomaterials ranging from hemodialysis membranes to cardiovascular implants [22, 23] . In addition, streaming potential measurements allow the investigation of the adsorption of proteins on polymeric substrates under in situ conditions [25, 26] .
Contact angle measurements, on the other hand, have been used extensively in studying changes in polymer surface composition caused by various surface treatment techniques [27] , aging characteristics of modified surfaces, and migration of hydrophobic and hydrophilic functional groups in aqueous and non-aqueous environments [28, 29] . Contact angle measurements are sensitive to the chemical composition of the top molecular layer and are relatively simple, inexpensive, and a widely accepted technique for characterising flat polymer surfaces, in terms of wetting and adhesion properties of the polymer surfaces. If it is desired to investigate the wetting behaviour of highly hydrated or solvated materials surfaces and even the interaction between such surfaces and proteins [21, 30] , the captive bubble technique has to be used [31] [32] [33] . However, this technique has severe limitations in its ability to assess the wettability of 'wet' porous polymer structures.
There are several methods to analyse the structure of membranes. A summary of the various methods has been reported elsewhere [34, 35] . Among these, the bubble point method, a gas-liquid porosimetry technique, has been extensively studied to characterise such membranes. The classical method involves a gas used as a flowing medium, which displaces a wetting liquid, filled in the membrane pores [36] . This non-invasive characterisation procedure has been used to verify membrane integrity and sieving properties of downstream filtration processes specifically designed for the processing of fine particles, colloids, and biological materials such as protein precipitates and microorganisms [37, 38] .
The present work aims to demonstrate the applicability and sensitivity of a newly developed method to characterise the wettability of wet 3D porous polymer structures. In order to evaluate the sensitivity of our characterisation methods (electrokinetic, wettability measurements) the surfaces of the highly porous PDLLA foams as well as cast PDLLA films were modified by the adsorption of ECM proteins. We evaluated whether the used techniques are sensitive enough to detect changes of the surface properties induced by the adsorption of very small amounts of ECM proteins. ζ-Potential and contact angle measurements were used to characterise the surface properties of the wet polymers prior and post protein adsorption.
Materials and methods

Materials
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Purasorb
 PDLLA with an inherent viscosity of 1.62 dl/g was purchased from PURAC biochem (Gorinchem, The Netherlands). Dimethyl carbonate (DMC, 99% in purity), used for the fabrication of PDLLA foams, chloroform (99.9% purity, HPLC grade), and acetone (HPLC grade) used for casting of the polymer films, and phosphate-buffered saline (PBS) tablets, were purchased from Sigma Aldrich (Dorset, UK). The polymers and solvents were used without further purification. The proteins used were: human plasma fibronectin, purchased from Chemicon Europe (Eastleigh, UK), and Bovine collagen type I, from Sigma-Aldrich. PBS and protein solutions were filtered using 0.2 µm non-pyrogenic filters (Millipore, Bedford, MA, USA). The test liquids decaline (99% purity), dodecane (99% purity), and n-tetradecaline (99% purity) used for the wettability measurements of the porous polymer foams were purchased from Riedelde Haën, Acrōs Organics, and Sigma-Aldrich, respectively. The test liquids were further purified by passing them three times over a silica (Hopkins & Williams Ltd.) and basic-activated aluminium oxide powder (Acrōs Organics) packed chromatography column. Deionised water from a Nanopure (Barnstead, Dubuque, IA, conductivity 1.8 mΩ/cm) was used as the solvent for all the solution preparations.
Preparation of PDLLA foams
Highly porous PDLLA foams (monoliths of c. 10 cm in diameter) were fabricated by thermally induced phase separation (TIPS) process of polymer solutions and subsequent solvent sublimation. The polymer was dissolved in dimethyl carbonate to give a polymer solution of 5 wt.-%. The mixture was stirred overnight to obtain a homogeneous polymer solution. The resulting solution was transferred to a lyophilisation flask, which was immersed in liquid nitrogen and maintained at -196°C for 2 h. The frozen mixture was then transferred into a cryostat bath at a constant temperature of -10°C and vacuumed to 10 -2 mbar. The solvent was sublimed at -10°C for 48 h and later at 0°C for further 48 h. The sample was completely dried at room temperature in a vacuum oven until reaching a constant weight. Tab. 1 highlights some physical and structural properties such as porosity and pore volume of the PDLLA scaffold.
Tab. 1. Pore characterization of the PDLLA scaffold prepared by TIPS Average foam density, ρ / (g/cm 3 ) 1.58 ± 0.10
Preparation of cast PDLLA films
PDLLA films were solvent-cast onto microscopy slides. In order to guarantee adhesion of the cast polymer films to the glass slides, the slides were acid etched in concentrated hydrofluoric acid (HF) leading to an increasing surface roughness, and wettability of the exposed surface. For acid etching, the microscopic slides were covered with a white paste containing sodium bicarbonate, water and concentrated HF (48 vol.-%) for 24 h. After treatment with hydrofluoric acid, the slides were thoroughly rinsed with water, and dried under vacuum at room temperature. Finally, the slides were placed in a closed container containing HF vapour for 24 h, for final acid etching.
PDLLA was dissolved to 4 wt.-% in chloroform with continuous stirring, until the polymer completely dissolved. The etched microscopic slides were soaked in (a) deionised water, (b) acetone, and finally (c) chloroform, prior to casting 1 ml of the polymeric solution. The polymer-coated glass slides were subsequently dried under vacuum at room temperature for 24 h.
Preparation of the protein solutions
Protein solutions with a concentration of 10 mg/l of human plasma fibronectin and Bovine collagen type I were prepared in 0.01 M PBS (0.137 M NaCl, 0.0027 M KCl at 25°C and pH 7.0). Prior to incubation, the PBS and the protein solutions were filtered through a 0.2 µm non-pyrogenic filter.
Protein adsorption on PDLLA surfaces
PDLLA foams and films were incubated in PBS solution (0.01 M) for 1 h at 37°C, in a fully humidified atmosphere of 5% (v/v) CO 2 in air. Subsequently, the PBS solution was exchanged with stagnant buffered solutions of fibronectin, and collagen type I at 10 mg/l, incubating for 48 h at 37°C.
Materials characterisation
Scanning electron microscopy (SEM)
The porous morphology of the PDLLA foam samples was examined using a scanning electron microscope (Jeol JSM-840A, Jeol Ltd., Welwyn Garden City, UK). Specimens were cut with a razor blade to enable examination of longitudinal and transverse sections. Prior to examination the foam samples were sputtered with gold for 120 s in argon atmosphere. The accelerating voltage used was 20 kV.
Image and statistical analysis were performed on the SEM micrographs (2D transverse cross-sections of the matrices, magnification x 100) using the software package AnalySIS ® . For the purpose of the image analysis the pores were classified as particles, and the maximum ferret diameter (the maximum distance of parallel tangents at opposite particle borders) of the pores determined. The images were calibrated and pixels units were used to obtain the pore size distribution of the foam samples, recognising the locally anisotropic pore sizes, preferentially orientated in the cooling direction during the TIPS process. Three different areas of the same sample were analysed to obtain statistically relevant data.
ζ-Potential measurements
To determine the ζ-potential of PDLLA foams and films the Electrokinetic Analyser (EKA, Anton Paar KG, Graz, Austria) based on the streaming potential method was used. Time-and pH-dependent ζ-potential measurements were performed in 1 mM KCl supporting electrolyte solution, while varying pH of solution with either 0.1 M HCl or 0.1 M KOH using a remote titration unit (RTU, Anton Paar KG, Graz, Austria) unit at a constant temperature of 20°C. In order to determine the effect of pH on the ζ-potential (ζ = f(pH)), the initial starting point, i.e., constant ζ-potential, was fixed by a long-time measurement at constant ionic strength (0.1 mM KCl), this was to discard possible effects of polymer swelling in water.
Two different cell compartments were utilised depending on whether the PDLLA foam or film samples were being characterised. With the substrate in place and the two Ag/AgCl electrodes (Sensortechnik Meinsberg GmbH, Ziegra-Knobelsdorf, Germany) placed on either side of the sample, the cell was rinsed with the electrolyte solution and all air removed. By applying a pressure difference (∆p) of 250 mbar across the sample, the streaming potential U s generated by shearing off the diffusive part of the electrochemical double layer was measured as function of increasing ∆p. The ζ-potential was then determined using the Helmholtz-Smoluchowski equation:
where η is the viscosity, ε the dielectricity of the solution, ε o the vacuum permittivity of and κ the total specific conductivity in the streaming channel. Fig. 2 . Schematic of the set-up used for captive bubble low-rate static and dynamic contact angle measurements
Wettability of 'wet' PDLLA films
Captive (air) bubble low-rate static (Fig. 1) and dynamic contact angle measurements on the PDLLA films were conducted using the Drop Shape Analyser (DSA 10 MK2, Krüss, Hamburg, Germany). The polymer films with/without the adsorbed protein layer were fixed horizontally and immersed in a chamber containing deionised water. A motorised syringe was used to increase or decrease the bubble volume. A schematic of the set-up is shown in Fig. 2 .
Wetting behaviour of 'wet' PDLLA foams
In order to determine the wettability of wet porous polymer structures we adapted the maximum bubble point test [39, 40] , which is also used as a non-destructive filter integrity test. These gas-liquid porosimetry tests have become the most widely used to determine the largest pores (> 0.1 µm) present in membrane materials [38, 39] . The bubble point test is based on the fact that a wetting liquid rises into the pores of a structure by capillary forces. Therefore, measuring the minimum pressure p that is needed to force the liquid out of the pores is a measure of the maximum pore diameter d p intruded at the bubble pressure. d p is related to the intrusion pressure through Cantor's equation: Fig. 3 . Schematic of the experimental set-up used to characterise the wettability of highly porous PDLLA foams
The maximum pore diameter of our porous scaffold can easily be obtained using the standard bubble point test. The porous structure is thoroughly wetted by a total wetting test liquid (cos θ = 1) that is not dissolving the polymer. PDLLA foam samples were cut from the foam monolith using a cork borer (12 mm in diameter), placed into a homebuilt cell and conditioned by drawing the test liquid from the upper compartment through the foam. The initial step was to completely fill all pores of the foam with the liquid prior to the test. In case of a completely wetting liquid, the liquid spreads and thereby penetrates through the pores of the sample. In case of water vacuum had to be applied to suck the liquid into the foam. Once the foam is 7 thoroughly wetted, pressure slowly is applied. The nitrogen flow rate is gradually increased and the pressure measured using a conventional water column manometer. Eventually, nitrogen is intruding the largest pores, replacing the liquid until rapid continuous bubbling occurs in the upper cell compartment. The point at which this rapid bubbling occurs is called the bubble point. Provided the diameter of the pores that mainly contribute to the flow through the porous structure as well as the surface tension γ lv of the liquid are known we should be able to characterise the wetting behaviour of the porous structure. A schematic of the experimental set-up is detailed in Fig. 3 . The pressure at the bubble point was used to calculate the maximum pore diameter d p for the total wetting liquids or the contact angle θ between the pore wall and the water using the pore diameter that was determined earlier.
The test liquids have been selected on the basis that they completely wet the porous polymer foam, which was confirmed using the capillary rise technique [41] . 
Results
Morphology of PDLLA foams
The pore size distribution of the rather soft PDLLA foams was determined using SEM. Cylindrical foams were sectioned axially to permit examination of the interior morphology. Image analysis of the PDLLA foam micrographs (Fig. 4) confirmed the high porosity of the foams, which possessed two distinct pore sizes (Fig. 5) : the macropores having a diameter greater than 100 µm, which were interconnected by micropores of diameters ranging between 10 to 50 µm. The micrographs (Fig. 6a,b ) also demonstrate that the larger pores are orientated almost perpendicular to the surface that corresponds to the cooling direction during freezing, which is typical of the TIPS process. As stressed in literature, one of the key features of scaffolds for tissue engineering applications is the porosity with an open porous structure, which ideally consists of large number of interconnected pores. Pores larger than 10 µm are essential for sustaining cell infiltration, whereas pores smaller than 10 µm contribute to cell attachment and create a large surface area for the growth of tissue layer [42] .
ζ-Potential measurements
Streaming potential measurements for the characterisation of biomedical polymers can provide information about the swelling behaviour of the polymers in water, the acid-base character, and amount of surface functionalities as well as the interactions between the surfaces with dissolved (ionic and non-ionic) species [43] . The shift of the iep value is much higher in case of the adsorbed collagen (∆iep = 0.9) as compared to fibronectin (∆iep = 0.2), which indicates a higher affinity of collagen to the virgin, i.e. unmodified, PDLLA film surface that was only exposed to PBS alone. A shift of the iep was not observed for the foams that were exposed to the proteins. The iep's remain fairly constant for the PDLLA samples pre and post protein modification, which clearly points to the fact that proteins to a lesser extent cover the surfaces in the foam or in other words that more original PDLLA surface is exposed to the surrounding electrolyte solution. For both structures a decrease of the ζ plateau value could be observed, which indicates improved interactions between water and the polymer surfaces. The more hydrophilic a polymer surface the bigger the completion between ion and water adsorption causing the modulus of the ζ-potential to drop. This trend indicates a higher hydrophobicity of the polymer substrates prior 11 to protein adsorption, reinforcing the concept that protein adhesion on polymer surfaces enhances wettability (hydrophilicity) of the surface, and such behaviour also correlates with the measured contact angles. The iep's and the ζ plateau values for the films and foams are summarised in Tab 
Wettability of flat PDLLA surfaces
Inverse low-rate dynamic contact angle measurements using the captive bubble technique were conducted to study the change in the degree of hydrophobicity/hydrophilicity of the polymer upon protein adsorption. Advancing and receding contact angles were obtained by decreasing or increasing the bubble volume, using the microsyringe, until the three-phase boundary moved over the solid surface, as demonstrated in Fig. 8 and Fig. 9a The data summarised in Tab. 4 show that the advancing contact angles θ a stay virtually constant within the experimental errors. However, the receding contact angles significantly decrease after exposure to protein solutions again demonstrating protein adsorption. Similarly, collagen adsorption causes the receding contact angle to decrease much more when compared to the adsorbed fibronectin. However, the fact that the contact angle hysteresis ∆θ, defined as the difference between θ a and θ r , increases drastically from a value ∆θ ≈ 25° for the hydrophobic virgin PDLLA surface to values of about ∆θ ≈ 40° for the surface with adsorbed protein layers clearly indicates non-homogeneous protein adsorption. The adsorbed protein layer is expected to be rather imperfect and patch-like with large areas of the original polymer surface being exposed. Our data support the concept that the physicochemical state of the solid/liquid interface is changed from hydrophobic to hydrophilic upon protein adsorption on polymer films [21] . In order to determine the pore diameter that mainly contributes to the flow through the porous structure we applied the common bubble point test using liquids that spread the polymer surface without swelling or dissolving the PDLLA. Fig. 10 shows the nitrogen pressure as function of increasing flow rate for the tests with the total wetting liquids. Initially the pressure rises rapidly until the bubble point pressure is reached and rapid bubbling occurs, after that the graph starts to level off. For instance, the average pressure required to force n-dodecane through the porous PDLLA scaffold was determined to be 1730 ± 300 Pa. Eq. (2) was used to calculate the maximum pore diameter d p for each of the three spreading liquids, n-dodecane, n-tetradecane and decaline, used giving an average pore diameter d p = 58 ± 11 µm, which corresponds to the first maximum in the pore size distribution as determined by the SEM image analysis (Fig. 5) .
We would have expected that the bigger pores (≈ 100 µm) would rather contribute to the flow through the porous structure. However, a closer inspection of Fig. 6a,b shows that the larger pores are not continuously passing through the whole structure. The macropores seem to be interrupted and are interconnected by micropores. Therefore, we used the pore diameter determined by the bubble point test to determine the contact angle of the foam samples pre and post protein modification. After exposing the foams to protein solutions we found that the pressure needed to force water out of the foams increased, indicating either a decreased pore diameter or an improved wettability. However, SEM micrographs of the foams taken post protein adsorption showed no evidence that the pores could have been blocked by proteins. Therefore, the increased bubble point pressure must be due to the improved wettability of the interior scaffold surfaces again indicating that the proteins adsorb to the polymer. The results summarised in Tab. 5 show that the contact angles between the polymer surface and water decrease upon protein adsorption. Comparing the contact angles obtained from the modified bubble point test with the inverse advancing (θ a ) and receding contact angles (θ r ) obtained on the wet cast PDLLA films, we find that the contact angle values for all the PDLLA foam samples fall between the two dynamic contact angles, but are closer to the receding contact angle as we would expect when forcing the liquid out of a pore. The measurements again indicate that protein adsorption occurred, but that the adsorbed protein layer must be rather imperfect and patch-like with large areas of the original polymer surface still being exposed. Nevertheless, protein adsorption enhances the hydrophilicity of the PDLLA foam drastically, which is expected to have a positive impact on the biocompatibility of the polymer surfaces intended for tissue engineering applications.
In conclusion, the modified bubble test is a suitable technique for studying the wetting behaviour of fully solvated porous media. Furthermore, it is a very valuable, nondestructive tool to assess the changes occurring in a porous 3D scaffold upon modifying its surfaces.
Conclusion
This study aimed to address the question of whether thin films, which are flat surfaces, are a suitable model for more complex 3-D structures? To answer the question we used poly(D,L-lactide) to fabricate 2D and complex highly porous 3D scaffolds that are commonly employed for tissue engineering applications. The porous morphology was characterised by scanning electron microscopy and gas/ liquid porosimetry. The two different polymer scaffold surfaces were modified by collagen and fibronectin adsorption. In order to characterise the materials under relevant conditions, the wet surfaces were characterised by ζ-potential and contact angle measurements. ζ-Potential and contact angle measurements are very powerful tools for studying the surface properties of wet polymer materials. We have also shown that the modified bubble point test is suitable to assess the wettability of wet porous media. Finally, in order to be able to characterise the wetting behaviour of fully solvated complex polymer surfaces as encountered in 3D polymer scaffolds we adapted the bubble point test. ζ-Potential and contact angle measurements prior to protein surface modifications demonstrate that the polymer contains acidic functional groups and is hydrophobic. However, a simple exposure of PDLLA scaffolds to protein-containing solutions led to their adsorption as verified by ζ-potentials and wettability measurements. The adsorbed proteins caused a subsequent increase in the materials wettability and, therefore, hydrophilicity as verified contact angle measurements. The measured contact angles decreased post protein adsorption. However, the increase in the contact angle hysteresis of the flat cast PDLLA films was indicative of the rather inhomogeneous character of the protein layer-liquid interface. The imperfect protein adsorption was also observed for the porous PDLLA foams as demonstrated by the constant iep values, highlighting that a large area of the original polymer surface is still exposed. To summarise, both proteins adsorb onto PDLLA, however, collagen has a higher affinity for the unmodified polymer when compared to fibronectin.
Even though the trends observed pre and post protein modification for both 2D and 3D polymer constructs were similar, the results clearly indicate that the protein adsorption seems to be much higher for the flat constructs as compared to the porous scaffold. Therefore, our results strongly indicate that flat surfaces are not a suitable model for studying surfaces in complex structures such as in 3D tissue engineering supports. We therefore believe that porous scaffolds should be characterised under relevant wet conditions as a 3D system. 
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